Spatial organization is a characteristic of eukaryotic cells, achieved by utilizing both membrane-bound and non-bound organelles. We model the effects of this organization and of organelle heterogeneity on RNA splicing (the process of making translationally-ready messenger RNA) and on splicing particles (the building blocks of splicing machinery) in mammalian cells. We constructed a spatially-resolved whole HeLa cell model from various experimental data and developed reaction networks to describe the RNA splicing processes. We incorporated these networks into our whole-cell model and performed stochastic simulations for up to 15 minutes of biological time. We find that the number of nuclear pore complexes affects the number of assembled splicing particles; that a slight increase of splicing particle localization in nuclear speckles (non-membrane-bound organelles) leads to disproportionate enhancement in the mRNA splicing and reduction in the transcript noise; and that compartmentalization is critical for a correctly-assembled particle yield. Our model also predicts that the distance between genes and speckles has a considerable effect on effective mRNA production rate, further emphasizing the importance of genome organization around speckles. The HeLa cell model, including organelles and subcompartments, provides an adaptable foundation to study other cellular processes which are strongly modulated by spatio-temporal heterogeneity.
pluripotent stem cells, from a rich set of cellular fluorescence 48 images (13) . 49 Although the basic utility of nuclear speckles in pre-mRNA 50 
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Please declare any conflict of interest here. 1 To whom correspondence should be addressed. E-mail: ghaemi@illinois.edu, zan@illinois.edu The kinetic model for spliceosome formation and action. We 114 studied two processes: first, the formation of splicing particles 115 (U1snRNP and U2snRNP) which is a multi-compartmental 116 process and second, the spliceosome assembly, splicing reaction 117 and generation of mRNA transcripts. Together, these capture 118 the whole process of splicing from machinary construction 119 to functional transcript production. After the assembly of 120 U1snRNP and U2snRNP in our model (the first process), 121 the pre-mRNA transcripts are spliced (the second process) 122 according to the following reduced scheme for the spliceosome 123 assembly: 124 1. An active-28 Kb gene is transcribed and pre-mRNA tran- 125 scripts are produced 126 2. U1snRNP and U2snRNP particles are formed and are 127 present in the cell nucleus 128 3. U4/U6.U5 trisnRNP particles are also present in the 129 nucleus; Because of the complexity in the formation of 130 these complexes we assumed they are pre-formed in our 131 model (34) . 4. The spliceosome assembles in a stepwise manner on pre-133 mRNA transcripts 134 5. After splicing occurs, the pre-mRNA is converted to an 135 mRNA transcript 136 6. The spliceosome disassembles after splicing, ready to as-137 semble on another transcript 138 Below, we describe in details the splicing assembly and reaction 139 and splicing particles formation.
140
Formation of splicing particles. A splicing particle consists of a 141 uridine-rich small nuclear RNA (U snRNA) that is bound to 142 a heptamer ring of proteins, called Smith proteins (Sm) and 143 variable numbers of particle-specific proteins. The formation of 144 splicing particles happens in multiple steps and compartments. 145 To understand the effects of geometry on the formation process, 146 we developed a kinetic model to describe these processes and 147 studied them in our developed spatially-resolved HeLa cell 148 model.
149 Figure 2 shows the steps associated with the formation of 150 splicing particles and the reactions are summarized in Table 2 151 in Methods. Upon transcription, U1(2) snRNA has to pass 152 through nuclear pore complexes to reach cytoplasm, where 153 by a series of complex reactions they bind to Sm proteins. 154 Inspired by two studies (35, 36), we proposed the following 155 mechanisms for the cytoplasmic part of the process: U1(2) 156 snRNA transcript binds to Gemin 5 (G 5 ) which is part of 157 the survival of motor neurons (SMN)-Gemin complex that 158 mediates the Sm proteins assembly on snRNA. The formed 159 complex then binds to a ring of five already-assembled Sm 160 proteins (Sm 5 ) through a process called RNP exchange sug-161 gested by Ref. (36) . This process facilitates the Sm proteins 162 binding to the snRNA transcript and the release of G 5 . In 163 the last step, the remaining Sm proteins (Sm 2 ) joins the com-164 plex and the U 1(2)snRN A.Sm 7 complex is formed. After 165 localizes to the Cajal bodies (37) and binds to particle-specific 169 proteins; U 1(2)prot, and the mature splicing particle is formed. The diffusion coefficients for the species that are involved in 171 the splicing particle formation reactions were mainly adopted 172 from various experimental sources and are listed in Table S2 . 173
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Assembly of the spliceosome and splicing reaction. The assembly 174 process of the spliceosome machinery is entangled with a 175 complex network of auxiliary and regulatory proteins that 176 detect the splice site and alternate the splice sites according 177 to cellular cues by a process called alternative splicing (8). 178 To simplify this network, we assume that a particular splice 179 site has been chosen and focus only on the assembly of the 180 spliceosomal particles on that site and the splicing reaction. Table 3 in Methods. According to the conventional spli-184 coeosome assembly model (38) , the U1snRNP particle binds 185 to the 5 end of the exon ("complex E"), following by binding 186 of the U2 particle to the associate 3 end to form "complex A". 187 To make a more realistic model, we added an additional initial 188 reaction as suggested by Ref. (39) : the U2snRNP can bind the 189 pre-mRNA before U1snRNP, making "complex E*". Regard-190 less of the binding order of these splicing particles, a viable 191 complex A is formed that can continue the remaining assem-192 bly process. The "tri.U" (U4/U6 bound to U5) then joins the 193 complex forming "complex B". Subsequently, U1snRNP leaves 194 the complex for the catalytically active "complex B * ". The 195 intron is then removed and the splicing particles are recycled 196 for another round of assembly. Table 3 . Abbreviations are: Pol II (RNA polymerase II), Ex1 and 2 (Exon 1 and 2).
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Co-transcriptional splicing
Splicing is known to be overwhelm- The diffusion coefficients of spliceosomal particles are also 208 listed in Table S3 . Figure 4 shows that increasing (decreasing) 230 the number of NPCs by 20% results in an increase (decrease) 231 in the number of mature U1 and U2 splicing particles. This 232 effect is consistent across the tested nuclear radius with range 233 of 3.74-5.29 µm (15, 24-26). It is found that the number of 234 splicing particles formed does not change significantly with 235 nuclear size. This can be explained by the fact that a larger 236 nucleus has a larger number of NPCs, since the density of 237 NPCs is constant. Consequently, longer diffusion times in a 238 larger nucleus are compensated by shorter translocation times 239 required when there are more NPCs.
240
To obtain insight into the formation of splicing particles, we 241 dissected the overall kinetics of the process in terms of discrete 242 reactions occurring in each compartment, i.e., nucleus and 243 cytoplasm. These reactions include the transcription of snRNA 244 and formation of (U 1snRN Anuc), cytoplasmic production of 245 U1snRNA · Sm 7 , and finally the assembly of mature U1snRNP. 246 We determined the timescale for the formation of each of these 247 three species within the first assembled U1 particle. As shown 248 in Figure 5 , the series of cytoplasmic reactions take the longest 249 to complete, irrespective of nuclear size. The timescale for 250 cytoplasmic reactions is also statistically similar regardless of 251 whether the ER or mitochondria or both are absent: for a full 252 cell the time is 0.68 ± 0.30 s, as compared to 0.63 ± 0.35 s, 253 0.69 ± 0.24 s and 0.59 ± 0.21 s, respectively for cases where 254 the cell model lacks ER, mitochondria, or both.
255
As mentioned above, in higher eukaryotes, different compo-256 nents of the splicing particles join the assembly in different com-257 partments (6). This separation likely allows for higher quality 258 control and prevents mixing of the partially-assembled par-259 ticles with their substrates, thus preventing partially formed 260 results are: 1.4 × 10 −2 (3.74 µm), 1 × 10 −4 (4.67 µm), 9.6 × 10 −4 (5.29 µm); and for U2 results are: 9.5 × 10 −6 (3.74 µm), 8.3 × 10 −3 (4.67 µm), 1.3 × 10 −5 (5.29 µm). The cellular geometry in these simulations is the same as described in Table 1 , except for the ER volume, which is ∼ 7% of the cell volume. However, the slightly higher occupancy is not known to have a considerable effect. Error bars represent the standard deviations. For each condition, 20 simulation replicates were performed.
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spliceosomes from deleteriously modifying pre-mRNAs. We 261 examined the importance of multi-compartmentality by al-262 lowing all particle assembly steps to occur solely in the nu-263 cleus. We postulated that the latter modification may result 264 in snRNA binding to proteins in an incorrect order, or, in 265 incomplete assembly of the particle. In addition to confining 266 assembly steps to the nucleus, we also modified the reaction assembly of Sm-core is followed by RNA modification that 271 triggers the nuclear import of the snRNA bound to Sm core (6). occurs within or at the periphery of these nuclear bodies (40) . 291 Nuclear speckles, being liquid-liquid phase-separated regions, 292 promote certain biochemical reactions, which is suggested to 293 be due to an enhanced concentration of the reactants (2). To 294 examine this phenomenon, we developed a reaction network 295 to account for spliceosome assembly on pre-mRNA transcripts 296 and splicing reaction described in details previously (see Fig-297 ure 3). This network was included in stochastic simulations 298 containing speckles in the HeLa cell and we determined the 299 resulting effect on mRNA production and noise. The speckles 300 were comprised of a concentrated store of splicing particles pro-301 duced in the following manner (see Methods section). Briefly, 302 we set the probability, Pn, for splicing particles to transit 303 from the nucleus into the speckles higher than the probabil-304 ity, Ps, for the reverse transition. We found that the higher 305 this imbalance (Pn/Ps) is, the greater the degree of localiza-306 tion of splicing particles in the speckles (see Figure 6 -A). We 307 compared mRNA production in cells with different degree of 308 splicing particle localization in the speckles and also that in 309 a control cell containing no speckles but with splicing parti-310 cles randomly distributed throughout the nucleus. Relative 311 to the case of no speckles (U1 fraction = 0 in Figure 6 ), a 312 cell with about 10% of U1 located in speckles showed a large 313 enhancement in the number of spliced mRNA transcripts from 314 0.25 to 40, which is effectively a ≈ 150-fold amplification (Fig-315 ure 6-B,C). Thus, even a slight increase in the localization of 316 splicing particles enhances mRNA production. The mRNA 317 production continues to grow with further increase in the splic-318 ing particle localization up to an enrichment level of ≈ 55% 319 U1 in speckles. Beyond this point, little increase in average 320 mRNA count is observed ( Figure 6 -C). Alongside these trends, 321 we examined the effect of speckles on the noise associated with 322 mRNA production, estimated in terms of the coefficient of 323 variation, η, which is the ratio of average mRNA counts to 324 the standard deviation. As the percentage of splicing particles 325 in speckles increases ( Figure 6-D) , the noise decreases. Thus, 326 nuclear speckles not only enhance splicing activity, but they 327 also help limit the noise that splicing introduces into the whole 328 gene expression process. Using green fluorescent protein labels, 329 Rino et al. determined the ratio of splicing protein U2AF in 330 speckles to that in the nucleus to be 1.27 ± 0.07 (41) . Strik-331 ingly, this experimentally determined ratio corresponds in our 332 model to a Pn/Ps = 100 ( Figure 6-A) , which is effectively a 333 ∼ 55% localization of splicing particles in speckles, the point 334 at which the mRNA production has maximized.
335
Speckle-enhanced splicing is concentration-dependent. The num-336 ber of splicing particles required per pre-mRNA transcript 337 Fig. 6 . Splicing efficiency increases in the presence of speckles in the cells: A) The higher the probability for the splicing particles to transition from the cell nucleus to the speckles, relative to the reverse transition, the higher is the localization of splicing particles in speckles. Schematically, the randomly distributed splicing particles (yellow dots) in the cell nucleus (colored in purple), localize in nucleus speckles (blue shaded regions) as the probability imbalance increases. B) As the percentage of splicing particles located in speckles increases, the number of spliced mRNA also increases. C) This enhancement in mRNA production is highly sensitive to the localization of splicing particles in speckles:
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with only a 10% localization of splicing particles in speckles, the splicing reaction is enhanced ∼ 150fold relative to the case with no speckles. D) Noise (average of mRNA counts/the standard deviation) decreases as a greater percentage of splicing particles are localized in speckles. For each condition, 20 simulation replicates were performed.
is a function of many variables including the rate of tran-338 scription (7) and therefore this number may vary from one 339 gene to another. We investigated how variation in the ratio 340 of splicing particles to pre-mRNA transcripts affects overall 341 mRNA transcript production and noise in a cell with nuclear Figure 8-B . This is because, the higher surface area, increases 371 Fig. 7 . Splicing particle concentration affects the functional advantage of speckles: A) Enhancement in mRNA production due to the presence of speckles, depends on the U1 splicing particle concentration. B) Effect of the U1 splicing particle concentration on the mRNA production noise. For each condition, 20 simulation replicates were performed.
the probability of splicing particles to diffuse into the nuclear 372 speckles resulting in increased localization. However, beyond 373 ∼ 50 speckles the number of produced mRNA plateaus which 374 could be due to the compensation of splicing particle localiza-375 tion by relatively smaller-sized nuclear speckles. Production 376 of mRNA was maximized when there were between 20 and 377 50 speckles, which coincides directly with the experimentally 378 determined values (18). In addition, the size of the nuclear 379 speckles corresponding to the maximum mRNA production 380 D R A F T Fig. 8 . A) Increasing the number of nuclear speckles, results in an increase of the surface area (magenta curve) and decrease of the speckles diameter (blue curve); B) mRNA production increases as the number of speckles increases till about 50 speckles beyond which the production plateaus. Error bars represent the standard deviations. For each condition, 20 simulation replicates were performed. falls between 1.4 to 1 µm, which is also compatible to the 381 known nuclear speckles diameters of one to a few microns (18).
382
Therefore, our results suggest that it is plausible that the cells 383 optimize the design parameters of speckles (the number and 384 size) to maximize the mRNA production.
385
Gene distribution around speckles affect transcript splicing 386 and mRNA production. It is known that genes are organized 387 nonrandomly around nuclear speckles (31, 32) . In a recent 388 study, Chen et al. investigated the organization of whole 389 genome using TSA-seq method (33) . They showed that the 390 most highly expressed genes are located between ≈ 0.05 and 391 0.4 µm from the periphery of a speckle. They also speculated 392 that the genome movement of several hundreds of nano meter 393 from nuclear periphery towards speckles could have functional 394 significance. To test their hypothesis, we investigated the 395 effects of active genes distribution around speckles' periphery. 396 We varied the gene distance from 0.054 to 2 µm and observed 397 the effects on the number of spliced mRNA transcripts found in 398 cytoplasm. As Figure 9 demonstrates, increasing the distance 399 of the genes to speckle periphery from ≈ 0.05 to 0.2 µm 400 sharply decreases the mRNA counts by a factor of 2, with 401 no further significant decrease at larger distances. Thus, the 402 effect can be even more pronounced over a short distance range 403 than they were able to resolve. Considering the fact that our with RNA splicing (the process of removal of non-coding re-418 gions from pre-mRNA transcripts). We investigate, firstly, 419 the effects of cellular organelles on assembly of the building 420 blocks of splicing; and secondly, mRNA production at nu-421 clear speckles which are liquid organelles (droplets) that have 422 higher concentrations of reactants involved in splicing. We 423 constructed a spatially-resolved mammalian whole-cell (HeLa 424 cell) model from a variety of experimental data. Using this 425 model, we simulate the splicing event with a kinetic model 426 we developed, as stochastic reaction-diffusion processes. We 427 show that number of nuclear pore complexes-assemblies of 428 proteins embedded in the nuclear envelope that control the 429 traffic between nucleus and cytoplasm-affects the splicing 430 particles formation rate for different nuclear sizes. The phase-431 separated nature of speckles enhances the mRNA production 432 and reduces its associated noise. We suggest a rationale for 433 the number and size of speckles based on optimal resulting 434 mRNA. By demonstrating the effects of the genes distribution 435 around our non-fluid speckles on mRNA counts, we propose 436 NPC. Sizes for these organelles can be found in Table 1 . Total counts for these organelles were based on either direct experimental quantification or based on relative volume fraction measured for the overall cell. The ER was also constructed in a randomized fashion with the details and construction algorithm presented in Supplementary Information. The endosomes, lysosomes, actin-cytoskeleton, peroxisomes in the cytoplasm; nucleolus and chromatin have not been included into the present version of the model. According to Ref. (15) , each of the cytoplasmic organelles contribute less than 1% of to the total cell composition, and therefore, were not modelled. The nuclear components were chosen mainly among those that play a role in RNA splicing processes. A representative HeLa cell geometry resulting from this procedure is shown in Figure 1 . The associated code for setting up a HeLa cell model for Lattice Microbes software (21, 22) is available upon request. In addition to structural features, the abundance of the proteins participating in the processes we studied were derived from proteomics data of HeLa cells (19) . The number of active snRNA genes have been determined to be 30 (45) . These abundances were used as the initial condition for the simulations. Particles are randomly distributed throughout their parent region with locations sampled from a uniform distribution; for instance, genes are distributed throughout the nucleus. For each separate simulation replicate, a different initial particle placement was used. 
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Kinetic models.
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M P Cytoplasmic Assembly U 1(2)snRN Acyt + G 5 → U 1(2)snRN A · G 5 1.02 × 10 8 M −1 s −1 D.L. C U 1(2)snRN A · G 5 → U 1(2)snRN Acyt + G 5 3.05 s −1 (47) C U 1snRN A · G 5 + Sm 5 → U 1snRN A · Sm 5 + G 5 5.9 × 10 7 M −1 s −1 D.L. C U 2snRN A · G 5 + Sm 5 → U 2snRN A · Sm 5 + G 5 1.18 × 10 7 M −1 s −1 D.L. C U 1(2)snRN A · Sm 5 + Sm 2 → U 1(2)snRN A · Sm 7 1.39 × 10 8 M −1 s −1 D.L. C U 1(2)snRN A · Sm 7 → U 1(2)snRN A · Sm 5 + Sm 2 2.78 s −1 (47) C Cytoplasm to Nucleus U 1(2)snRN A · Sm 7 → U 1(2)snRN A · Sm 7 nuc 2 × 10 4 s −1 M P Nuclear Maturation U 1snRN A · Sm 7 nuc + U 1prot → U 1snRN P 1.22 × 10 7 M −1 s −1 (48) J-N U 1snRN P → U 1snRN A · Sm 7 nuc + U 1prot 4.8 × 10 −4 s −1 (48) J-N U 2snRN A · Sm 7 nuc + U 2prot → U 2snRN P 0.24 × 10 7 M −1 s −1 (48) J-N U 2snRN P → U 2snRN A · Sm 7 nuc + U 2prot 4.8 × 10 −4 s −1 (48) J-N
Reaction
Rate Units
Reference Compartment the splicing particles to move from the nucleoplasm regions to 539 the speckles (Pn) was higher than the reverse direction (Ps).
540
To examine the effect of the bias, the Pn/Ps values were varied.
541
With increasing Pn/Ps values, more particles accumulate in 542 the speckles and the nucleus becomes more diluted. Figure 10 543 shows the localization of splicing particles in speckles upon 544 application of this bias in our model. 
